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ABSTRACT Lines of mice, selected for 21 generations using alternative criteria to increase litter size,
were evaluated for uterinemassanduterine
blood
volume to help explain differences in uterine capacity.
For this study, mice were sampled from Generation
27, the sixth generation after relaxation of selection.
Mice came from all four criteria of selection (LS =
selection on number born to unaltered females; M =
selection on an index of ovulation rateand
ova
success; UT = selection on uterine capacity; and LC =
unselected control) in each of three replicates ( a total
of 12 lines). Measurement was at one of two stages,
KeyWords:Mice,

either 3 d or 6 d of gestation. Matings wereat 10 wk of
age, and a total of 508 mice ( 1 7 to 26 per line-day of
pregnancy subclass) were measured. The mean of the
three selected groups exceeded the control in uterine
mass ( P < .001), uterine blood volume ( P < .002j,
uterine masshody mass ( P < .03), and uterine blood
volumehody mass ( P < .04j but not in uterine blood
volumehterine mass. Greater uterine mass and concomitantly greateruterine blood volume mayhave
been partly responsible for greater uterine capacity
resulting fromLS,
M, and UT selections.

Selection, Litter Size, UterineCapacity,

Blood
Volume

J. h i m . Sci. 1995. 73:2243-2248
Introduction
Litter size is a complex phenomenon, determined by
several components. Selection to increase litter size
has been successful in mice (Joakimsen and Baker,
1977; Bakker et al., 19781, and responses result from
improvements in more than one of thelimiting
components. BennettandLeymaster
( 1989) have
described litter size in swine from the joint distribution of number of potentially viable embryos and
uterine capacity. A parallel model can be imagined for
describing litter size in mice. Physiological explanations for thevariabilityinuterine
capacity need
elucidation.
A mouse experiment at theUniversity of Nebraska
(Clutteret al., 1990; Gion etal., 1990; Kirby and
Nielsen, 1993), designed to evaluate selection for the
components of litter size, has produced significant
responses in the components, and hence in litter size.
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Clutter et al. (1994) reported a significantgeneral
response in uterine capacity, measured as the number
of fetusesinunilaterally
ovariectomized females,
following selection for eachcriterion inthe experiment. Al-Shorepy et al. (1992) studied pre-implantation embryonic development and found that stage of
development within a litter was more advanced and
less variable a t d 3.5 of gestation in the Nebraska
selection lines. The objective of the present study was
to determine whether differences in uterine mass and
uterine blood volume existinthese
selected lines,
offering some physiological explanation for differences
observed inuterine
capacity.
Materials and Methods

Experimental Animals. Micefor the present study
came from 12 different lines; the 12 lines were from
three replicates of four different selection criteria. All
four criteria were representedineach
of the three
replicates. The population and selection process have
been described earlier (Clutter et al., 1990; Gion et
al., 1990; Kirby and Nielsen, 1993). Briefly, the four
criteria were: 1) LS: selection onnumberbornto
unaltered females; 2 ) J
X selection on an index of
components of litter size {I = 1.21 x ovulation rate +
9.05 x ova success (proportion of ova represented by
pups born)]; 3 ) UT: selection on number born to
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unilaterally ovariectomized females; and 4 ) LC: unselected control.
Selection proceeded for 21 generations andthen
ceased. Therationale for the selection criteriahave
been described previously (Clutter et al., 199Oj, as
well as response in litter size through 13 generations
(Gionetal.,1990)and21generations(Kirbyand
Nielsen, 1993). An evaluation of uterinecapacity,
measured as the number
of fetuses at d 17 of gestation
in either the left or right uterine horn of unilaterally
ovariectomized females at Generations 22 and23
(Clutteret al., 19941, andan evaluation of preimplantation embryonic development at Generation
27 has occurred (Al-Shorepy etal.,
19921. After
Generation 21, the lines have been maintained with
32 pairs of parents each generation. The mice for the
present study came from Generation 27 (sixth generation of relaxed selection) andwere littermates to those
in the study of pre-implantation embryonic development (Al-Shorepy et al., 1992).
Experimental Procedure. Females were mated to
males of their own line at 10 wk of age. Females were
checked for mating plugs each morning, andafter
confirmation of mating they were randomly assigned
within line to either measurement
at d 3 or d 6 of
pregnancy (observed mating plug
= d 0 ) . These two
stages of gestation were chosen to give points just
before implantation ( d 3 1 and following implantation
(d 6 ) .
Each female mouse was immediately weighed after
it waseuthanatized
by asphyxiationwith
carbon
dioxide. Then, the mouse’s abdomen was opened by
incision and the vasculature
of the uterus clamped
andtheuterus
excised. Theuterus wasblotted to
remove incidental blood and placed in a previously
weighed tube containing 2.0 mL of .05 M
tris(hydroxymethy1jaminomethane (Tris) buffer, pH
7.4, and weight of theuterus
wasobtained.The
ovaries were excised and the number of corpora lutea
were counted under lox magnification with the aid of
dissection. A blood samplewasdrawn
by cardiac
puncture
and
an aliquot
was
transferred
to a
heparinizedcapillary tube for determination of the
packed cell volume. Numbers of animals measured in
each selection criterion and on each day of gestation
are shown in Table 1; a total of 508 mice were used.

The uterus of each mouse was homogenized in the
2.0 mL of Tris buffer in aglasstube
homogenizer
fittedwitha
Teflon pestle connected to an electric
stirrer. The tissue was homogenized for 60 S at 5,000
rpm.The homogenized tissuewastransferred
to a
1.5-mL microcentrifuge tubeand centrifuged for 15
min at 15,000 x g . The supernatant wasstored at
-20°C until blood volume of the uterus was calculated
from spectrophotometric determination of hemoglobin
content. The procedure for measurement of hemoglobin was previously described by Tanaka et al.( 1989).
of the
Briefly, absorbance of the
supernatant
homogenate was measured at 380, 414, and 448 nm
with a spectrophotometer (Shimadzu, Model UV-260,
Columbia, MD). The optical densities of proteins other
than hemoglobin were corrected by the subtraction of
the average of the absorbance at 380 and 447 nm from
the absorbance at 414 nm. This correction formula
was also used to calculate the amount of hemoglobin
present in various volumes of a poolof mouse blood
for the
that was used to generatestandardcurves
assay. The intra- and interassay coefficients of variation were .8 and 3.0%, respectively, for this procedure.
Data Analyses. Body mass, number of corpora lutea,
uterine mass, uterine blood volume (unadjusted and
adjusted to a standard packed cell volume equal to the
mean of 52%), and the ratios of uterine mass to body
mass, uterine blood volume t o body mass, and uterine
blood volume to uterinemass were analyzedwith
procedures for a fixed linear model that included the
effects of day of gestation, selection criterion, replicate,
and allinteractions. Because uterinemass doubles
between d 3 and d 6, the variance for uterine mass
and the ratioof uterine mass to body mass were much
larger at d 6 than at d 3. These two variables were
also analyzed after a square-root transformation that
successfully equalized the variances across the 2 d.
All variables noted above, except number of corpora
lutea, were also analyzed in two datasets(mice
measured at d 3 or at d 6 of gestation)using
procedures for a fixed linear model with the effects of
selection criterion, replicate, and replicate x criterion
interaction plus number of corpora lutea as a covariable t o adjust to the same number of ovulations. This
additional analysis was used to adjust the variablesto
the unobservable situation of all mice having the same

Table 1. Number of animals measured by replicate.
selection criterion, and day of pregnancy
Day 3

Day 6

Replicate

M a

LS

UT

LC

K

LS

UT

LC

1
2
3

22
24

17
21
24

22
25
25

23
20
20

17
24
22

21
19
1721

17
23
26

17
23

= index; LS = litter size; UT = uterine capacity; LC = control.
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number of ovulations,to
give some insightinto
whethernumber
of ovulations influences uterine
physiology. The data were analyzed separately by the
two stages of gestationbecause
we expected the
magnitude of the regression coefficients to be quite
different before andafterimplantation.
For tests of significance, effects of replicates were
assumedrandom.Thus,
differences among selection
criteriaweretestedwiththereplicate
x criterion
interaction as theerrorterm,day
differences were
testedwithreplicate
x dayinteraction as the error
term, and the criterion x day interaction was tested
with
replicate
x criterion x day
interaction.
Orthogonal contrasts were used to further evaluate any
criterion differences. These contrasts were as follows:
1 ) LS, M, UT vs LC, to testthegeneral
effect of
selection; 2 ) LS, IX vs UT, to test whether selection to
increase “total littersize” is different from selection on
only uterine capacity; and 3 ) LSvs E,to test the
difference betweenmethods to increase litter size.

Results and Discussion
Differences
in
Selection
Criteria. Probabilities of
significant differences due to selection criterion, day of
pregnancy, and criterion x day interaction are shown
in Table 2. Table 2 also contains the mean squares for
testing eacheffect and interaction.Analyses of uterine
blood volume as measured for each mouse, or when
adjusted to apacked cell volume of 529’0, produced very
similar results because there was little variability in
thehematocrit.
For simplicity, only uterine blood
volume as measured and not corrected for packed cell
volume will be presentedand
discussed.
Selection produced highly significant (highest probability of type I error was .005) differences in body
mass, uterine mass, corpora lutea, and uterine blood
volume. Less significant differences were found for
uterine mass relative
to body mass ( P < .09) and

uterine blood volume per unit of body mass ( P < .l11.
There were no differences between selection criteria
for uterine blood volume per unit of uterinemass.
Significance of the tests for selection criterion effects
were thesamewhether
or not uterinemassand
uterinemassbodymass
were transformed before
analysis.
Leastsquaresmeans
by selection criterion and
probabilities of significance for linear contrasts of the
meansare shown in Table 3. The overall effect of
selection (IX, LS, UT vs LC) was significant (highest
probability of type I error was .04) for all measurements except uterine blood volume per unit of uterine
mass.For
the comparison of M and LS vs UT
selection, no significant differences were found for
uterine mass relative to body mass or uterine blood
volume relative to body or uterinemass. However,
body mass, uterine mass, numberof corpora lutea, and
uterine blood volume were greater (probability of type
I error no larger than .03)for the average of responses
to M and LS selection as compared to UT selection.
Comparisons between M and LS selection were
significant ( P < .03) for number of corpora lutea;
differences in the transformed uterine mass ( P < .l41
and uterine masshody mass
( P < .20) approached
significance and were similar to theuntransformed
results.
Differences in Day of Pregnancy. Day 3 vs d 6 of
pregnancy significantly affected (probability of type I
error no largerthan .03) allmeasurements except
number of corpora lutea (Table 2). Any differences in
of pregnancy
number of corpora lutea duetoday
would be purely due to chance in sampling animalsa t
the two times. Least squares means for each day of
pregnancy are shown in Table 4.
As expected, body mass, uterine mass, and uterine
blood volume increased from d 3 to d 6. Mean uterine
mass almost doubled from d 3 to d 6 (.207 increased to
,409 g). Uterine mass relative to body mass increased,
as did uterine blood volume per unit of body mass;

Table 2. Significancelevelsfordifferences
due toselection criterion, day of pregnancy, and
selection criterion x day of pregnancy and mean squares used as error terms
Significance level
Item
Body mass, g
Uterine mass, g
T+ uterine mass, g ,001
Corpora lutea
Uterine blood, FL
Uterine masdbody.001
mass, %
Trb uterine masdbody mass, o/c
Uterine bloodhody mass, pL‘g
Uterine blooduterine mass, F u g

Mean squarea

Criterion

Dav

Criterion x dav

.003
,004
,004
,004
.004
.09
.09
.l1
.87

.02
.01

.33
.l1
.32

.48
.002

.07

.001
.002
.03

.67
.54
.74
.96
.l9

RRxRxCxDxC D

21.57
,0114
.0091
30.21
20.00
,174
.036
.0291
502.5

8.50
,0015
,0048
13.27
7.52

.016
.010
.0099
267.8

4.50
,0120
,0089
5.15
28.79
.l88
,038
,077
73.5

aR x C = replicate x criterion, error for criterion differences, R x D = replicate x day, error for day differences; R x C x D: replicate x
criterion x day, error for criterion x day interaction.
bTr = square-root transformation of the variable.
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Table 3. Least squares means byselection criterion, SE of the means, and
sigmficance levels of contrasts of the criterion means
Criteriona

M

Item

LS

Significance level of contrastb

UT

SEM

LC

28.96

28.75
Body mass, g
mass, Uterine
g
,010
,258 ,323
.303
.348
g
,009
,500
,540
,577
s, uterine TrC
,557
14.87
03
Corpora
.50 lutea
12.40
13.95
16.94
13.80
.39 Uterine blood,
.02 pL
,002
.40
10.88
14.32
12.53
%
.20
1.11
.40 1.19 .03 1.11.04
mass,
masshody
Uterine
Tr
mass,
masshody
uterine
%
.l07 .47
.l04 .03 ,002 ,099 ,104
Uterine bloodhody mass, .21
pug
.04 ,476 .015 .492
.428
,459
bloodhterine
mass,
Uterine
pug
44.17
42.83
41.88 .66

1

2

3

.oo l
.oo 1

,008
.03
.04

.74
.l2
.l4
.03

1.01
.20
50
43.10
.52

.95

2.03

aIX = index; LS = litter size; UT = uterine capacity; LC = control.
'Contrasts: 1) M, LS, UT vs LC; 2 ) M, LS vs UT; 3) M vs LS.
'Tr = square-root transformation of the variable.

however, uterine blood per unit of uterinemass
decreasedwithincreasinglength
of pregnancy.
Selection Criterion x Day of Pregnancy Interaction.
Although thetest for a criterion x dayinteraction
approached significance (Table 2, P < .07), there is no
biological explanation other than chance in sampling
of mice atthe
two stages of pregnancy. When
analyzing uterine mass without transformation, there
was an indication ( P < .l11 that mice from the
different selection criteriaperhaps responded differently from d 3 to d 6. In particular, IX and LS animals
had a 103% increase in uterine mass as compared to
LC mice, which had an 87% increase between the two
measurement stages. However, analyzing the square
root of uterine mass (the transformation that made
the variances within d 3 and d 6 similar) revealed no
significance ( P < .32) for thisinteraction.
Adjustment for Number of Corpora Lutea. Means,
tests of significance for contrasts, and the regression
coefficients for d 3 and d 6 data are presented inTable
5. Forbrevity, only data for uterinemass,uterine
blood volume, and uterine mass relative to body mass
are presented. Uterine mass and uterine masshody
mass were not transformed for these analyses because

Table 4. Least squares means byday
of pregnancy with SE of means
~

Item

Day 3

Day 6

SEM

Body mass, g
Uterine mass, g
Tra uterine mass, g
Corpora lutea
Uterine blood, pL
Uterine masshody mass, c/c
Tra uterine masshody mass,
%
Uterine bloodhlood mass, p u g
Uterine bloodhterine mass, p u g

26.65
,207
.452
14.40
9.90
.77
.88
,369
47.00

28.31
.409
.634
14.68
15.86
1.44
1.19
.558
38.99

.l8
.003
,004
.23
.l8
.01
.01
,006
1.04

aTr = square-root transformation of the variable.

they were done separately for d-3 and d-6 data. The
regressions
were
tested
for interaction
with
the
selection criteria; there were no differences between
criteria for the regressions, and thus only a common
regressionwasfitted
in eachanalysis.
Number of corpora lutea was a significant source of
variation for uterine variables at both 3 and 6 d. It is
not surprising that the regression was significant a t d
6 because this is after implantation is
completed. More
embryos would probably stimulate the uterus t o try
and accommodate theirdemands for nutrientsand
space. Although the size of the regressions
was
smaller at d 3 than at d 6, number of corpora lutea
was nonetheless a significant source of variability for
uterine measurements already at d 3 . Either there are
pre-ovulatory factors that affect both
number
of
ovulations and uterine development, causing a positive correlation between them, or there are stimulatoryeffects on theuteruseither
by thenumber of
corpora lutea or by pre-implantation embryos.
After adjustment for number of corpora lutea, there
was a significant ( a t least P < .06) contrast of IX, LS,
and UT vs LC for uterine mass, although not at the
high level of significance found in the unadjusted data.
Differences in uterine mass relative
to body mass were
not importantafteradjustment.Uterine
blood was
higher ( P < . 0 31 in IX, LS, and UT vs LC at d 6 but
not at d 3 after adjustment for number of ovulations.
Discussion. Differences in number of corpora lutea
between the four criteria of selection were consistent
with those observed in previous studies of these lines
(Gion et al., 1990; Al-Shorepy et al., 1992; Clutter et
al.,
1994).
Because there were large
significant
differences in ovulation rate between mice from the
four selection criteria,cautionmust be exercised in
evaluating
the
results
using
the
adjustment
for
number of corpora lutea.Whethertherearesystematic differences in uterine physiology beyond those
induced by number of corpora lutea or number of
embryos isthe
question. More of the differences
observed intheanalysisunadjusted
for number of
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Table 5. Least squares means by selection criterion, SE of the means,significancelevels
of contrasts of the criterion means, and regressions on number of corpora lutea for
characteristics measured at day 3 and day 6 of gestation
Criteriona
bC

M

LS

%

,0024
.235
,0052

.213
10.53
.77

%

,0095
,393
,020

.426
16.78
1.44

Item
Day3
Uterine mass, g
Uterine blood, pL
Uterine masshody mass,
Day 6
Uterine mass, g
Uterine blood, pL
Uterine masdbody mass,

levelSignificance

of contrastb

UT

LC

SEM3

1

2

,222
10.64
.a0

,207
9.56
.79

.55
,184
8.80
.73

.35
.009
.73
.03

.03
.92
.l4
.l9

.28
.86

.47

.M6
16.51
1.52

.403
15.81
1.44

.361
14.36
1.35

,022
.55
.08

.06
.03
.3 1

.25
.24
.67

.51
.73
.52

aIX = index; LS = litter size; UT = uterine capacity; LC = control.
‘Contrasts: 1) M, LS, UT vs LC; 2) M,LS vs UT; 3 ) M vs LS.
‘Regression on number of corpora lutea; all significant P < .01.

corpora lutea were explained by variation in number
of corpora lutea in the animals at d 3 than at d 6. We
would expect the opposite given the longer time and
the effect of implantation.
It seems that adjustment for number of ovulations
isadjusting for some of thevariation between the
selection lines that is caused by a systematic common
effect on both ovulation rate and uterine physiology.
Thus, the analysesof the unadjusted data aredeemed
better for evaluating differences between these selectioncriteriainuterinemeasurements.
Several studies with differentspecies have observed
an increase in uterine dimensions and mass and(or)
uterine blood volume or blood
flow
inpregnant
females as affected by the number of implantations or
number of fetusesbeingcarried.SpruillandEisen
( 1988 ) have observed this in mice; McRae and Heap
( 1988) in rats; Hard and
Anderson ( 1982) andWu et
al. ( 1987) in pigs; ChristianandPrior
( 1978) in
sheep; andFerrelland
Reynolds (1992)in cattle.
Physical reduction of uterine space or uterineblood
supply per embryo and its subsequent limiting effect
on fetal development or survival has been reported by
Senger et al. (1967) in mice; Antebi et al. (1991) in
rats; and Webel and Dziuk ( 1974), and Fenton et al.
(1970,1972)in
pigs.
Inthe presentdata,there
was no evidence for
differences between the selection lines in uterineblood
per unit of uterine tissue. Rather, differences existed
inuterinemass,andthe
same differences were
significant for uterine blood volume. Thelines that
hadahistory
of selection for litter size or some
component (LS, IX, and UT) had significantly larger
uterine mass per unit of body mass. Thus, it seems
that selection has increased uterinemassand
concomitantlyuterine
blood volume tosupportlarger
litter sizes but has not increased blood volume relative
touterinemass.
This increased size of the uterus with the proportionally larger volume of blood could be at least one of
thecauses for enhanced stage of development ob-

served in 3.5-d embryos of these same lines by AlShorepy et al. (1992). Selection (IX, LS, and UT) as
compared to the unselected LC advanced the mean
stage of development for embryos flushed from the left
horn; a similar, but not significant, shift in development was observed for embryos recovered from the
right horn. There also tended t o be less variability in
stage of embryos within a litter. We speculate that the
increased blood has caused less stress and competition
among embryos, and hence less variability and more
rapid development inthe
IX,
LS,
and UT lines.
Clutter et al. (1994) estimated mean capacities for
the left
and
right
uterine
horns
in
unilaterally
ovariectomized females in these same selection lines.
The means of the two horns were 11.87, 12.84, 11.90,
and 10.46 fetuses for M, LS, UT, and LC, respectively.
The average of M, LS, and UT differed significantly
from LC, but no significant differences were detected
among IX, LS, and UT. In
agreement
are
the
significant differences between thethree
selection
criteriaand LC for uterine mass and uterine
blood
volume. Compared to LC, M and UT selections were
13 to 14% higher and LS was 23% higher for uterine
capacity as reported by Clutteret al. (1994).The
most comparable percentages in the uterine measurements were the 10% (IXandUT)and
20% ( L S )
advantages over LC for uterinemasshodymass.
Clutteret al. ( 1994) reported that ova success
(proportion of ova that becomes pups) was .78 for UT
as compared t o .71 t o .73 for IX, LS, and LC. Evidently
other factorsbeyond simply uterine blood contribute to
the success rate of ova that are shed, because UT did
not stand out among the lines of the three selection
criteriaassuperiorinuterinemeasurements.
Uterine size has been studied in other works with
rodents. Spruill and Eisen (1988) reported that mice
in a line selected for and demonstrating considerable
response inlitter size had longer uteri at day of
matingbut did not havelargeruterinemassthan
mice in an unselected control. After 6 and14 d of
pregnancy, mice in the selected line had both larger
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uterinemassand
longer uterithanthe
controls;
however, these differences were removed when the
data were adjusted for number of fetuses. Larson and
Foote ( 1972) concluded that uterine blood flow in
rabbits is a limitingfactor for fetalsurvivaland
explains part of the difference between young and
aged does.
Comparison of uterinemass
or volume as an
explanation for differences in uterine capacity and ova
success between different selection lines of pigs has
not been conclusive. GamaandJohnson(1993)
compared gilts from a line selected for litter size that
had an advantage for number born with gilts from an
unselected companion control line. Although the line
with higher litter size produced a larger mean number
of fetusesinunilaterally
hysterectomized-ovariectomized gilts (thus greater uterine capacity) than the
control, there were not increases inuterine dimensionsor
uterinemass
of intact,unalteredgilts.
In conclusion, greater uterine mass and
concomitantly greater uterine blood volume may have been
partly responsible for greater uterine capacity resulting from LS, IX, and UT selections in mice. Although
body mass also increased with selection for litter size
or its components in mice, there was a proportionately
greaterincreaseinuterinemass,
which likely contributedto
enhanced uterine capacity.

Implications
Differences inuterine
capacity of mice can be
created by selection. Differences in uterine mass, and
hence blood volume, may explain at least part of the
advantagesinuterine
capacity of selected lines of
mice. Bettermethods
to increase uterine capacity,
wherelimitinginanimalpopulations,
are needed.
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